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Preamble: /
The grant was awarded to investigate two areas that are related to planetary gamma-ray
spectrometry. The first task wase the inestigation of gamma rays produced by high-enegy
charged particles and their secondaries in planetary surfaces by means of thick target
bombardments. The second task was the investigation of the effects of high-energy
neutrons on gamma-ray spectral features obtained with high-purity Ge-detectors. For both
tasks, as a function of the funding level, the experimental work was predominantly tied
to that of other researchers, whenever there was an opportunity to participate in
bombardment experiments at large or small accelerators for charged particles.
Report:
Task 1: Simulation experiments with 800 MeV, 1.5 and 2.5 GeV protons for the
interpretation of lunar gamma-ray spectra.
During the report period we participated in four thick target bombardment experiments.
Three of these experiments were performed at the Los Alamos Meson Physics Facility.
One additional experiment was performed at the SATURNE accelerator at Saclay,
France.
In all of these experiments one of the major components for the production of gamma-
rays are secondary neutrons. In the Los Alamos experiments therefore the major task
was to measure the secondary neutron distribution within thick targets exposed to 800
MeV neutrons. In the SATURNE 1.5 and 2.5 GeV experiment this approach was not
possible, and therefore escaping neutrons and gamma-rays were measured.
The experiments revealed the spatial distribution of secondary neutrons throughout the
volume of the thick targets exposed, and in the case of the Saturne irradiation, the
relation between escaping neutrons and gamma-rays produced. These findings are
directly appicable to the interpretation of gamma-ray spectra obtained from planetary
surfaces.
The results of these experiments were presented at Lunar an Planetary Science
Conferences and at one Meteoritical Society conference. A list of published abstracts is
attached.
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Task 2: Determination of energetic neutron fluxes via features of
gamma-ray spectra:
Germanium detectors used in planetarygamma-ray spectrometry are exposed to neutrons
escaping from the planetary surface, these neutrons carry information on the moderator
content of the planetary surface and hence could be used to estimate water or
carbondioxide abundances. The spectral features to be used are neutron scattering
gamma-ray lines of germanium isotopes.
Interactions of neutrons with germanium detectors were investigated by exposing HPGe
detectors into beams of neutrons with a well characterized energy spectrum and flux.
Several exposures between 10MeV and 68MeV maximum neutron energy were done at
the Cyclotron of the Crocker Nuclear Laboratory. It was discovered that the germanium
inelastic scattering peaks of the gamma-ray spectr taken could be analyzed qualitatively
with simple methods to reflect the neutron energy spectrum. Quantitative assesments of
flux and senergy spectrum of neutrons, however needs to rely on more experimental
work.
The results are compiled in a draft of a publication, which is attached to this report.
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ABSTRACT
NEUTRONENERGYDETERMINATIONUTILIZING A HIGH-PURITY
GERMANIUMDETECTOR
This article evaluates the use of germanium gamma-ray
detectors to determine the energy of incident neutrons in
the range of 10-70 MeV. Methods were developed to separate
the nuclear recoil spectra from the gamma ray spectra pro-
duced in neutron inelastic scattering. The germanium 596,
690 and 835 kev (n,n'f) peaks were evaluated for full width
maximum values, and the slopes were determined for the lead-
ing edge and for the primary downslope.
Findings indicate that the full width maximum values
were not useful indicators of neutron energies. This may be
due to the "bleeding" of activity ie. background, from one
recoil peak into the next recoil peak. Evaluation of the
upslope and downslope measurements showed a relationship
between the neutron energy and the values of these slopes
for all three recoil peaks. A series of equations were
developed to describe these relationships empirically. The
germanium detector can now be used by Health Physicists to
measure gamma ray spectra as well as to evaluate neutron
sources for energy and exposure.
I. Introduction
Neutron dosimetry, particularly when applied to fast
neutrons, depends strongly on the energy of the neutrons.
[1,2] The current methods used for measuring exposure from
neutrons are valid up to approximately 15 MeV. Present
methods include the use of Hurst counters, rem meters, and
albedo neutron dosimeters. [3] The principal problem that
these instruments have at higher energy levels is their
non-linear response to the neutron energy. There are many
instances where the exposure from neutrons having higher
energies must be determined.
Some of these applications include working near sponta-
neous fission neutron sources, linear accelerators or
cyclotrons, and in space flight.
The incident of a neutron beam upon a germanium detec-
tor produces atypical pulse height peaks whose shape changes
with changes in the neutron energy. These peaks are asym-
metrically broadened, with a sharp leading edge and a long
high-energy tail.[4] The shape can be attributed to a combi-
nation of a prompt gamma ray or a combination electron line
with the recoil energy of the germanium nucleus being trans-
ferred to electron-hole pairs. These peaks occur at 563,
596, 690, 835, 1035 keV. It has also been shown that as the
energy of the incident neutron increases the broadening of
these lines increase [4,5] however a search of the litera-
ture has indicated that there has been no determination of
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the relationship of the broadening_to the energy_ of the
neutrons. It is the purpose of this paper to describe our
results in evaluating the characteristics of these curves at
various neutron energies.
A recent work [6] has described a method utilizing the
596 and 691 keV lines to estimate the dose rates of low flux
neutrons. The neutron energy used for this analysis however
did not exceed 2 MeV. An application of equations developed
by Lindhard et al [7] show that kinematically at neutron
energies above 4.5 MeV a portion of the 596 keV peak will
merge into the 690 keV peak thus effectively reducing the
total measured activity within this peak for their measure-
ment. This will also occur at 6.6 MeV for the 690 keV peak
merging into the 835 keV peak. The characteristics that we
will use for evaluating these peaks will take this into
account.
2. Data Setup
The 79 inch cyclotron at the Crocker Nuclear Laboratory
on the campus of the University of California, Davis, was
utilized to generate beams of energetic neutrons. Protons
accelerated to energies of 20.5, 40.0 and 67.5 MeV were
directed onto a 93 mil thick 7Li target, with the
7Li(p,n) 8Be reaction producing neutron beams with maximum
energies of 18.8, 38.4 and 65.5 MeV. An Ortec GMX Series,
Gamma-X HPGE, 5.0 cm diameter by 6.0 cm long, closed-end
high
beam
HPGe,
purity germanium detector was placed in the
for the 18.8 and 38.4 MeV runs. An Ortec GEM
5.1 cm diameter by 5.4 cm long coaxial high
germanium detector was used for the 65.5 MeV run.
calibrations
137Cs and
1.32 MeV
energy
tion.
trons,
tion,
observed in either detector.
Neutron doses to the detectors were estimated
method described by Stelson et al. [8] to be 4.15
neutrons/cm' at 18.8 MeV, 1.38 x 106 neutrons/cm'
MeV and 6.68 x 105 neutrons/cm' at 65.5 MeV.
Off-beam spectra were acquired during the
were performed with the 662 keV gamma rays
the 1.17 and 1.32 MeV gamma rays of 6_Co.
gamma ray line was also utilized to check
neutron
series
purity
Energy
of
The
the
resolution of the detector during the data acquisi-
Germanium detectors are subject to damage from neu-
[8] however, minimal changes in the energy resolu-
measured before and after data acquisition, were
by the
x 105
at 38.4
65.5 MeV
neutron run to estimate the scattered neutron contribution
to the spectra. This contribution to the spectra was esti-
mated to be less than a few percent of the total data and
not considered significant.
The spectra were acquired onto a personal computer
utilizing the Nuclear Data Accuspeck acquisition and pro-
cessing program. The data was stored to disc in the spectral
and ASCII format. Figure 1 shows the spectra obtained
during the 38.4 MeV neutron run displayed with the Canberra
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System IO0 spectral display system. The lower curve is the
entire 4096 channel spectrum with the upper curve showing
the areas of the spectrum with the recoil-broadened peaks.
The 563, 596, 690, 835 keV lines were present at all three
neutron energies. The 1035 keV line was seen in the spectra
from the 18.8 and 38.4 MeV neutrons. The difficulty in
defining the 1035 line from the 65.5 MeV neutrons was at-
tributed to the low count rate obtained during this run. The
563 and 1035 keV lines were not considered for processing
due to the low counting statistics.
3. Data Analysis
The ASCII coded data for all three neutron energies
were transferred to the spectra analyzing program Ganymed
[9]. This program uses a modified Gauss-Newton algorithm to
fit the peaks with a polynomial background of order 1-6. A
region of interest may be selected with a maximum of 150
channels. For the processing of the spectra used in this
study, the area of interest was set to two channels prior to
the upslope of the peak and extended to the first point of
the upslope for the next peak. This end point was valid for
the 596 and 690 keV peaks. For the 835 keV peak the full
150 channel limit was used to define the region of interest
with the starting point the same as described above.
Three variables were entered affecting the fitting of
the gamma ray peak and the shape of the background curve.
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The first value P sets the degree of polynomial for the
background curve fit. Values between one and six were
allowable for this parameter. A higher value for the back-
ground polynomial allowed for a better fit to backgrounds of
the type of curve expected from the recoil germanium atoms.
A value of 5 or 6 was" used for P throughout all data pro-
cessing. The second variable sets the value of a residuum.
The residuum was defined as the difference between each
data point in the region of interest and the fitted value
for that data point, divided by the standard deviation of
the data point. The residuum acts as a sensitivity thresh-
old for determining peaks; higher values reject more spuri-
ous peaks. For this work the highest residuum was used that
allowed for the fitting of the primary gamma ray or electron
conversion peaks for each selected peak. The third variable
was the percent error rejection or confidence limit of the
peak area. This value allows for the removal of peaks from
the selection process if the confidence limit for the peak
area exceeds this value. The higher this value was set the
more likely a peak would be kept whether it was a spurious
peak or a real peak. The default value of 30% was used
the
used
This
tics
ting of the 690 keY gamma ray peak.
processing of most peak selections. A 50% value
for the 690 keV peak from the 65.5 MeV neutron
for
was
run.
peak was difficult to fit due to low counting statis-
and the 50% error provided for the selection and fit-
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After processing, the program presented a display of
the raw data curve, the fitted curve and the background
curve for the entered parameters. This background curve
represents the portion of the curve resulting from the
recoil germanium nucleus. The resultant curves for the 596
keV peak from the 18.8 MeV neutrons is shown in Figure 2.
Additional gamma ray photopeaks were present within the
regions of interest used for the recoil peaks. These in-
cluded the 609 keY peak which results from the transition of
the 1205 keV excitation state of 74Ge to 596 keV, and is
also a gamma ray produced in the neutron capture and decay
of 73Ge. Also identified was the 846 keV peak resulting
from the 27Al(n,p)27Mg reaction.
Three characteristics of the germanium recoil back-
ground curve were evaluated: I) the full width at half,
third, fourth, fifth, tenth and twentieth maximums; 2) the
slope of different segments of the low energy upslope leg of
the curve; and 3) the slope of the first leg of the high
energy downslope segment of the curve.
The background germanium recoil portion of the printout
imported into the Lotus 123 program for evaluation ofwas
the full width measurements. Utilizing a macro for the
Lotus program, full widths at half, third, fourth, fifth,
tenth and twentieth maximum were calculated for each of the
nine recoil curves. The results from this analysis are
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presented in Table 2.
The next step was to evaluate the slopes of the recoil
germanium spectra. The data was entered into another Lotus
program called Graphwriter. This program has the capabili-
ties of performing a group of regression fitting calcula-
tions for the entered data. The results are presented with
a slope and intercept for the fit and a regression coeffi-
cient (R2). An R= value of 1 indicates a perfect fit to the
data. The slope measurements for these curves are the
change in counts divided by the change in keV. The neutron
energy curves all had approximately the same change in keV
channel; however, the relative change in counts was vastly
different. To overcome this relative difference in counts,
all curves were normalized to a maximum count of i0000 for
evaluation.
The upslope was evaluated with a linear fit over the
first three, five and ten keVs of the curve. The slopes and
the regression coefficients were recorded (see Table 3).
The first leg'of the downslope was also evaluated with
a linear fit. Four methods were used for selecting the area
to be fitted. The first method was to select visually the
most linear segments of the downslope leg. The other meth-
ods were based on determining the point on the downslope leg
of the curve where the second derivative was equal to zero
(zero point). This point was used as the center point for
the area to be fitted. The second and third method utilized
the zero point and one and five points on either side of it,
respectively. The fourth method utilized the maximum equal
number of points on either side of the zero point that
maintained a regression coefficient greater than 0.999. The
absolute value of the slope was used t 9 facilitate the use
of the computer programs. Values are recorded in Table 4.
Figures 3 is a graphic representations of the upslope
fitting utilizing the first five keV and the downslope
fitting utilizing the second derivative zero point and ± 5
keV technique for point selection upon the 596 keV back-
ground curve of the 18.8 MeV run.
4. Discussion
The three different peaks (595, 690, 835 keV) that were
evaluated were created in the same manner, i.e. the combina-
tion of gamma ray or electron conversion energy and the
recoil germanium nucleus energy. The primary difference
between the peaks should be the amount of energy the germa-
nium nucleus transferred to the electron-hole pairs. It
would therefore be reasonable to conclude that the three pa-
rameters evaluated would respond in a similar manner for
all three recoil curves. However, when the full width meas-
urements in Table 1 were graphed (Figures 4-6), the curves
demonstrated that each of the peaks responded in a different
manner as the energy of the neutrons increased.
It has been shown [4,5] that the curves were visually
wider with increasing neutron energy. However, the width
calculations for the 596 keY peak decreased between neu£ron
energies of 38.4 and 65.5 MeV and the 835 keV peak decreased
over all three neutron energies. The 690 keV peak increased
between each of the neutron energies, however, the amount it
increased between 38.4 and 65.5 MeV was minimal. Figure 7
shows the normalized data for the 690 keV peak overlaid each
other. This figure demonstrated that the amount of activity
for the leading minimum point of each curve is greater at
higher neutron energies.
The increase in the leading minimum point was caused by
a "bleeding" of activity from the lower energy recoil curve
into the curve of interest. The increase in the leading
point value resulted in a higher calculated value of the
width line and thus a smaller width measurement.
The kinematics of neutron scattering can explain the
"bleeding" of activity from one curve into another. The
maximum recoil energies were 984, 2024 and 3504 keV for the
18.8, 38.4 and 65.5 MeV neutrons respectively at a Q value
of -0.596 MeV. For a Q value of -0.690 MeV the maximum
recoil energies were i010, 2080 and 3580 keV.
The energy transferred to the electron-hole pairs from
the recoil germanium nuclei, as calculated with Lindhard's
equations [7] is shown in Figures 8 and 9. There is a 33
keV difference between the 563 and 596 keV recoil energy
levels. The difference between 596 and 690 keV is 94 keV and
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between 690 and 835 keV is 140 keV. The results shown in
Figures 8 and 9 indicate that much of the recoil energy from
the lower excitation state was recorded in the higher exci-
tation levels. As the neutron energy increased, the maximum
amount of energy that was transferred to the electron-hole
pairs also increased and more of this activity appeared in
the next higher excitation state. Figure I0 schematically
demonstrates this relationship between the two excitation
state.
It was
slopes
pattern.
gy on
seen from the data shown in Table 3 the up-
measured at 3, 5 or i0 keV all followed a similar
When this data was graphed, with the neutron ener-
the x-axis and the slope plotted on a logarithmic
scale, all three recoil peaks plotted a straight line. The
graphs for the 5 keV slope fittings are shown in Figure ii.
A logarithmic fit was performed on each of these lines
to determine an equation to describe the lines in the form:
Y = a(e(bX)) 1
where a is the intercept and b is the slope of the line. All
three recoil peaks presented the same pattern (Figure 12).
In following the argument that an increase in neutron
energy will result in a larger "bleeding" from a lower to a
higher peak, it was noted that the curves from the 65.5 Mev
neutrons demonstrated a spread of only 13 keV from the
initial point of the curve to the maximum point. Consequent-
i0
ly, if this determination were to extend beyond the neutron
energies studied, the i0 keY slope determination would begin
to involve portions of the peak and downslope and no longer
be a true measure of the upslope. Tables 4 and 5 present
values for a, b and the R' regression coefficient for the 3
and 5 keV fits respectively.
Solving equation 1 for X, the neutron energy and using
a factor to account for the normalization of the recoil
curves to a maximum count of i0000 results in the equation:
X = (in (S * (10000/M))/a)/b. 2
where X = Neutron energy
S = Slope of first 3 or 5 keV of upslope for the
recoil curve
M = Maximum count in recoil curve
a and b are values for the respective curves found in
Tables 5 and 6.
The downslope values from Table 3 were plotted on a
log-log scale (see Figure 13 for the ii keY values). These
values when plotted demonstrated a straight line. However,
a mild variation was observed for the 835 keY recoil curve.
There was excellent agreement among the four methods used
for determining the slope of the curves.
The 835 keV curve probably has reached a point where a ,
large change in neutron energy was needed to show a small
change in the downslope of the recoil curve. An evaluation
of this curve should be performed at energies between 18.8
and 38.4 MeV to determine where this transition occurred.
The 596 and 690 keV recoil curves were fitted with a
ii
power function:
_Y = aXb 3
a and b again represent the intercept and slope of these
fitted lines, respectively (Figure 14). Both the visual and
maximum (R' > 0.999) determinations required multiple guess-
es as to the end points of the fitted areas. This would
result in an excessive amount of time for the users of this
type of evaluation. Although the results from the visual
and maximum types of selections were very similar to the
results obtained for the 3 and ii keY lines the latter two
will be discussed here. Tables 6 and 7 present the values
for a, b and R' for these fittings.
Using the same symbol designation used for the upslope
and solving equation 5.10 for the neutron energyequation
yields:
X = (-S * (10000/M)/a) (I/b) 4
The negative sign appears before the slope value S to
account for the negative downslope. The downslopes were
plotted as an absolute value in order to perform the power
fitting on the computer.
Both line lengths provided a reasonable estimation of
the maximum neutron energy used to produce the slopes.
There appeared to be very little difference between the 3
and II keY line lengths used for the slope measurements.
The maximum spread and visual selections had similar re-
sults.
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5. Conclusion
The recoil germanium portion of a spectrum produced by
the (n, n'T) inelastic scattering of the neutron and the
germanium nucleus was used to evaluate the maximum energy
of the neutron beam. It was shown that the full ' width
measurements of the curve do not provide an accurate meas-
urement of the neutron energy. The upslope and the first
leg of the downslope of these curves provided a group of
equations that provided a reasonable estimate of the maximum
energy of the neutron beam. The following group of equa-
tions were derived:
596 KEV CURVE
Upslope Equations:
3 keY Fit X = (in ((S x (I0000/M))/369.10142))/-0.009220
5 keV Fit X = (In ((S x (I0000/M))/367.80462))/-0.010744
Downslope Equations:
3 keV Fit X = ((-S x (I0000/M))/508.31277) -1"67256
ii keV Fit X = ((-S x (i0000/M))/495.78060) -1"68253
690 KEV CURVE
Upslope Equations:
3 keV Fit X = (in ((S x (10000/M))/788.05459))/-0.025537
5 keY Fit X = (in ((S x (10000/M))/695.88448))/-0.024935
690 KEV CURVE
Downslope Equations:
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3 keY Fit X = ((-S x (I0000/M))/1417.5361) -1"21022
ii keV Fit X = ((-S x (I0000/M))/1345.4889) -1"22762
835 KEY CURVE
Upslope Equation:
3 keV Fit X = (in ((S x (I0000/M))/359.44913))/-0.018135
_5 keV Fit X = (in ((S x (I0000/M))/343.28974))/-0.019077
It should be noted that these equations are only valid
under low neutron flux conditions. Care should be taken to
ensure that the dead time of the detector is low.
For quasi-monoenergetic neutron beams the high-purity
coaxial and planar germanium detectors were found to be
useful instruments in determining the maximum neutron ener-
gy. It is reasonable to conclude that these results will
also apply to accelerator produced (structured) white-neu-
tron sources; however, the application to spectra produced
by continuous energy neutron(non-structured) sources would
not be valid. The germanium detector can be used to not
only measure gamma ray spectra by the Health Physicist but
also as a useful tool in estimating the dose rate from a
equa-
and
neutron source. To continue this evaluation, these
tions should be verified with other neutron sources
their validity evaluated at higher neutron energies.
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Table 1
Width Measurements (keY) for the Recoil Germanium Curves
Curves (keV)
596 690 835
Neutron Energy (MeV)
Peak
Width 118.8 38.4 65.51 18.8 38.4 65.51 18.8 38.4 65.5
Half
Third
Fourth
Fifth
Tenth
20th
42.5 48.0 33.4
56.3 60.8 41.1
67.7 69.8 45.5
75.3 76.9 48.2
85.8 89.9 54.1
93.3 94.1 57.3
26.3 30.9 33.9
31.7 37.6 39.4
34.5 41.4 42.9
36.3 43.4 44.0
40.3 51.3 48.6
42.1 53.3 50.8
69.1 53.1 29.2
93.3 37.6 34.9
102.7 81.3 36.9
108.0 87.4 38.7
119.7 98.4 42.5
124.2 103.4 44.5
Table 2
Upslope Fittings and Regression Coefficient Values
Curve Neutron
Peak Energy
keV MeV 3 keV R 2 5 keV R' I0 keV R'
596
690
835
18.8
38.4
65.5
18.8
38.4
65.5
18.8
38.4
65.5
313.2 0.9999
255.0 0.9998
203.1 0.9988
474.2 0.9991
310.1 0.9993
145.0 0.9995
256.3 0.9997
178.3 0.9995
109.8 0.9991
302.9 0.9993
240.2 0.9987
183.0 0.9953
423.1 0.9950
280.7 0.9962
133.1 0.9973
239.5 0.9983
165.4 0.9988
98.3 0.9954
270.6 0.9962
203.7 0.9922
138.6 0.9759
310.3 0.9691
213.9 0.9734
106.9 0.9853
200.8 0.9911
135.9 0.9889
73.0 0.9723
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Table 3 _
Absolute Value of Downslope Fittings
and Regression Coefficient Values
Curve
Peak
(kev)
Neutron
Energy(MeV)
Visual R' 3 ii R'
Point* Point
596
690
835
18.8
38.4
65.5
18.8
38.4
65.5
18.8
38.4
65.5
85.8 0.9998
53.6 0.9996
40.0 0.9991
117.9 0.9994
69.8 0.9993
41.8 0.9994
33.2 0.9992
27.3 0.9995
26.9 0.9992
88.9
56.0
42.3
123.1
72.8
43.6
35.3
28.6
28.4
87.5 0.99995
55.5 0.99998
41.8 0.99997
120.8 0.99993
72.3 0.99996
43.4 0.99993
34.6 0.99993
28.3 0.99999
28.1 0.99996
* All R 2 are greater than 0.9999999
Maximum R'
pQints
83.4 0.9992
52.6 0.9992
39.9 0.9991
117.0 0.9992
68.8 0.9992
41.8 0.9991
32.6 0.9990
26.9 0.9991
57,1 0.9993
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Table 4 Line Function=Parameters for the
3 keV Upslope Fit
Peak
Curve b a R'
596 -0.009220 369.10142 0.9960160
690 -0.025537 788.05459 0.9951706
835 -0.018135 359.44913 0.9999077
Table 5 Line Function Parameters for the
5 keV Upslope Fit
Peak
Curve b a R'
596 -0.010744 367.80462 0.9978301
690 -0.024935 695.88448 0.9945830
835 -0.019077 343.28974 0.9999789
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Table 6 Line Function Parameters for the
_ 3 keY Downslope Fit
Recoil
Curve b a R'
596
690
-0.597885
-0.826296
508.3128
1417.5361
0.9967462
0.9942136
Table 7 Line Function Parameters for the
Ii keV Downslope Fit
Recoil
Curve b a R'
596
690
-0.594343
-0. 814584
495.7806
1345.4889
0.9974738
0.9933723
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